Abstract -Conventional ultrasound scanners can only display the blood velocity component parallel to the ultrasound beam. Introducing a laterally oscillating field gives signals from which the transverse velocity component can be estimated using 2:1 parallel receive beamformers. To yield the performance of the approach, this paper presents simulated and experimental results, obtained at a blood velocity angle transverse to the ultrasound beam.
I INTRODUCTION
In conventional ultrasound scanners the point spread function (PSF) only has an axial oscillation, and hence blood scatterers travelling through the acoustic field only gives signals from which the axial velocity of the blood can be determined. This is a severe limitation, since most blood vessels are parallel to the skin surface, and it is therefore a problem to achieve a sufficiently small angle between the flow and the beam. One way to overcome this problem is the introduction of two PSF's each with an oscillation both in the axial and in the lateral direction and each PSF transverse phase shifted 90 • from each other (Fig. 2 ). This method has been suggested both by Jensen and Munk (Transverse Oscillation (TO)) [1, 2, 3] and by Anderson (Heterodyned Spatial Quadrature (HSQ)) [4, 5] . The major differences between the two methods is the way the two PSF's are constructed. Anderson is using two different apodizations in receive, where Jensen and Munk are using axicon focus in receive to create the 90 • phase modulation. Furthermore the applied velocity estimators are different. This paper investigates the performance of the TO method. The performance is determined using the ultrasound simulation program Field II [6] , and phantom experiments using an experimental scanner and a flow phantom attached to a flow pump.
II SIMULATED SETUP AND RESULTS
The Field II program is used to simulate a 128 element linear array transducer and a cylindrical blood vessel perpendicular to the beam direction. The acoustic field emitted from the transducer resembles that of a conventional Doppler system i.e hamming apodization and quadratic focusing is applied. The received signals are beamformed using axicon focusing and two sinc functions as apodization (see Fig. 1 ). This gives a PSF with an oscillation in both the axial and transverse direction. To have two PSF's, which are 90 • transverse phase shifted from each other, two beamformers are applied, and the 90 • phase modulation is created with two different axicon focuses. The exact setup parameters can be found in Table 1 and Table 2 and a detailed description of the theory for the transducer setup and the beamforming can be found in [2] .
The corresponding PSF's can be seen in Fig. 2 .
To make the simulation as simple as possible, and hence decrease computation time, no tissue was introduced around the vessel i.e. the only scatterers present in the simulation were the blood scatterers. They were moved transverse to the beam direction with a parabolic velocity profile v given by v = v 0 1 − r R 2 , where R is the radius of the vessel, r is the distance from the axis of the vessel, and v 0 is the maximum velocity. Since the vessel had a finite length, scatterers passing the end of the vessel were introduced in the other end. The two PSF's used for transverse velocity estimation and their corresponding spectra. The point scatterer is situated at a depth of 27mm.
The velocity estimation was performed using an extended autocorrelation algorithm for lag 1 described in [3] . For standard deviation estimation 310 data ensembles were used each containing 32 beamformed received signals. Echo canceling was applied using a highpass filter with a cut off frequency at f = 80 Hz and RF averaging over one pulse length was applied.
Since the velocity is scaled with the lateral oscillation length λ x , a correct value for λ x is desirable. In theory λ x can be derived from the Fraunhofer approximation to be λ x = z/(λ z ξ), where λ z is the axial wave length, z is the depth and ξ is the spatial distance between the peaks of the two sinc functions used for the receive apodization [2, 7] . Since the Fraunhofer approximation is based on a number of assumptions, which are only approximately satisfied, a more correct estimate for λ x can be derived using the PSF's for the transducer setup. Taking a 2D FFT of the PSF's and thereafter finding the mean value of the transverse frequencies gives a more correct value for λ x , which then can be used in the velocity estimator. Typical the deviation between the theoretical value for λ x and the one derived from the PSF's is around 10%. The resulting mean transverse velocity profile with corresponding standard deviations can be seen in Fig. 3 . The velocity deviates from the theoretical velocity profile with a mean relative bias of 6.3 % and a relative mean standard deviation of 5.4 %, taken over the entire vessel profile relative to the maximum blood velocity. Near the vessel wall there is a significant deviation between the velocity estimate and the theoretical parabolic profile. This is because the PSF's have an axial extend of approximately 1 mm, (see Fig. 2 ), and since every velocity estimate is an average over the velocities present inside the area of the PSF, the estimates will be "smooth" near the vessel walls.
III EXPERIMENTAL SETUP AND RESULTS
A commercial linear array transducer with 128 elements was used to scan a flow phantom (SMI140 from Shelley Medical Imaging Technologies, London, Ontario, Canada) with blood mimicking fluid attached to a Shelley Compuflow1000 flow pump. The same setup parameters was used as in the simulation (see Table 1 and Table 2 ) except that matched filtering was performed on the acquired RF data to reduce noise. Furthermore the sampling frequency was decreased to 40 MHz, and tissue was present between the transducer and the vessel. The attenuation of the tissue was 0.7 dB/cm/MHz at 5 MHz and the blood mimicking fluid is described in [8] . The Reynolds number for the flow was approximately 10 3 , hence the flow can be regarded as laminar with a parabolic velocity profile similar to the one in the simulation. The scanner used for data acquisition was the experimental scanner RASMUS [9] , which has 128 channels in transmit and 64 channels in receive. To acquire 128 elements in receive, two consecutive received data sets was sampled, respectively on the left hand side and the right hand side of the transducer and thereafter superimposed to each other (see Fig. 5 ). Again 310 data ensembles were acquired each containing 32 beamformed signals. The same echo canceling filter and velocity estimator was used as in the simulation, and the resulting mean velocity profile can be seen in Fig. 4 . The velocity deviates from the theoretical velocity profile with a relative mean bias of 10.0 % and a relative mean standard de- viation of 9.8 % taken over the entire vessel profile, where the values are relative to the maximum velocity. As mentioned in the previous section the velocity is scaled with λ x , and hence a wrong choice of λ x will result in a biased estimate. Therefore we believe, that the bias is a result of the choice of transverse oscillation length λ x , which is determined from the 2D FFT of the PSF's. To demonstrate the algorithms capability of making color flow mode (CFM) images, the flow phantom was scanned using an aperture containing 64 transmitting and receiving elements, which moved across the transducer. The same trans-ducer setup as in the simulation was used, except for the f pr f which was decreased to 4 kHz, in order to compensate for the reduction of the active number of transducer elements. Also the lateral wavelength λ x was increased to λ x = 1.4 mm. The resulting CFM image with a B mode image superimposed can be seen in Fig. 6 . Only the velocities inside the vessel area have been shown. Some noise in the estimates is present, which presumably is a result of the echo canceling filter implemented.
In order to test the TO methods ability to work in dynamic conditions, the flow phantom was scanned when a pulsating flow resembling the human femoralis was present. The same setup parameters and velocity estimator was used as in the simulation, except that now the f pr f was set to 7 kHz. 10,000 beamformed signals were acquired, and 100 beamformed signals were used for each velocity estimation. The velocity estimates can be seen in Fig. 7 . It is seen that the characteristics of the pulsatile flow can be estimated. 
IV CONCLUSION
The bias and standard deviation of the measured velocities was comparable with standard deviation and bias for conventional axial Doppler estimation. Therefore, it has been demonstrated that the method can estimate the blood velocity of a purely transverse flow in simulations and in flow phantom experiments. Foundation, the Ministry of Science, Technology and Development, and by B-K Medical A/S, Denmark.
